Two RNA fragments from the region just upstream of the internal ribosome entry site of Hepatitis A virus (HAV) were studied, a 35mer (HAV-35), 5′ U 4 C 3 U 3 C 3 U 4 C 3 U 3 C 2 UAU 2 C 3 U 3 3′ , and a 23mer (HAV-23), 5′ U 4 C 3 U 3 C 3 U 4 C 3 U 3 3′ . Secondary structural predictions and nuclease digestion patterns obtained with genomic RNAs suggested that they link two stable WatsonCrick (WC) hairpins in the genomic RNA and do not form conventional WC secondary structure, but do fold to form a condensed, stacked 'domain'. To obtain more information, folding of HAV-23 and -35 RNA fragments was characterized using 1 H nuclear magnetic resonance, in H 2 O as a function of pH and temperature, circular dichroism as a function of NaCl concentration, pH and temperature, and square-wave voltammetry as a function of pH. The results indicate that these oligonucleotides form intramolecular structures that contain transient U•U base pairs at pH 7 and moderate ionic strength (100 mM NaCl). This folded structure becomes destabilized and loses the U•U base pairs above and below neutral pH, especially at ionic strengths above 0.1. All of the cytidine protons exchange relatively rapidly with solvent protons (exchange lifetimes shorter than 1 ms), so the structure contains few if any C•C H + base pairs at neutral pH, but can apparently form them at pH values below 6. We present a series of possible models in which chain folding draws the strand termini closer together, possibly serving to pull the attached WC hairpin domains together and providing a functional advantage by nucleating reversible formation of a more viable RNA substrate.
INTRODUCTION
A short sequence within a relatively conserved ∼730 nucleotide (nt) non-translated sequence (5′-NTR) in the genomic RNA of hepatitis A virus (HAV) always contains a high percentage of pyrimidine residues (1, 2) . This tract is located between nt 99 and 133 and is unique in that it generally contains four repeated U 3-4 C 2-4 sequences (Fig. 1) . It is positioned between two putative pseudoknots, stem-loops (nt 49-94 in Fig. 1 ; circled numbers which are likely to play an essential role in directing the initiation of synthesis of new positive-strand copies of the genomic RNA during viral replication (3, 4) , and a downstream internal ribosome entry site (IRES) which directs the cap-independent translation of the viral RNA (1, 5) . In other picornaviruses (cardioviruses and aphthoviruses), analogous RNA sequences occur in other motifs, from mixed pyrimidine to a remarkable pure polycytidine tract of >100 nt (6, 7) . In HAV, this segment of the 5′-NTR has been implicated in the binding of two cellular proteins, polypyrimidine tract binding protein and glyceraldehyde-3′-phosphate dehydrogenase (8, 9) . However, the biological significance of these phenomena remains uncertain.
Previous ribonuclease V1 structural mapping studies of synthetic HAV RNA transcripts documented the presence of a repetitive pattern of cuts which suggest that this sequence forms a stacked, possibly base-paired structure (1, 5) . Since no remaining unpaired poly(purine) tracts were present in the HAV sequences, it was inferred that the RNase V1 cuts are the result of stacking interactions. Another explanation is that either or both of two previously described pyrimidine•pyrimidine base pairs form: U•U (10) and C•C H + (11) (12) (13) (14) . A third (not mutually exclusive) possiblity is that U•C H + or hydrated U•C base pairs form (10; Fig. 2 ).
In light of these precedents, our tentative conjecture was that the folded structure is composed of U•U or C•C H + base-paired stem-loops. To test this hypothesis, synthetic 23-and 35mer RNA fragments, corresponding to nt 99-121 and 99-133 of the HAV genome (HM175 strain), were examined: 5′ U 4 C 3 U 3 C 3 U 4 C 3 U 3 C 2 UAU 2 C 3 U 3
3′
The entire fragment will be referred to as HAV-35; the underlined fragment will be referred to as HAV-23.
MATERIALS AND METHODS
HAV-23 and -35 RNA oligonucleotides r(U 4 C 3 U 3 C 3 U 4 C 3 U 3 ) and r(U 4 C 3 U 3 C 3 U 4 C 3 U 3 C 2 UAU 2 C 3 U 3 ) from the HM175 strain were synthesized using automated RNA phosphoramidite methods on an Applied Biosystems model 394 synthesizer (15) , 2′-hydroxyl deprotected just prior to purification, then purified by HPLC on a Nucleogen DEAE 60 column (Machery Nagel; 125 × 4.6 mm) using a 0-0.7 M LiCl gradient in sodium acetate (pH 5.3) containing 40% acetonitrile. Oligos were desalted by applying to a NENsorb column, eluting in 1:1 H 2 O-methanol, lyophilizing to dryness, and dialyzing overnight into 0.1 mM Li 2 EDTA (pH 7). Successful RNA syntheses and purities were verified by denaturing gel electrophoresis and HPLC nucleoside compositional analyses (16) . Molar concentrations were determined using absorbances at 260 nm (A 260 ). The extinction coefficient (ε 260 ) of HAV-23 (2.00 × 10 5 /M/cm) and HAV-35 (3.20 × 10 5 /M/cm) were calculated from per-residue values as described (17) .
Nuclear magnetic resonance (NMR)
Proton NMR spectra were obtained at 500 MHz on a GE Omega spectrometer using the '1-1 hard pulse' solvent suppression method (18) . 31 P NMR spectra were obtained at 202 MHz on the GE Omega system. Chemical shifts are referenced to internal standard trimethylphosphate (TMP).
Circular dichroism (CD) spectroscopy
CD spectra were obtained on a Jasco J-600 spectropolarimeter in the specified buffer at the listed pH, salt concentration and temperature, which was maintained by acquiring spectra in 1 cm jacketed cells that were connected to a recirculating water bath. CD baselines were adjusted to remove voltage offsets by subtracting ellipticities at 350 nm from values observed at each wavelength.
Samples were prepared for CD experiments at RNA concentrations of ∼0.5-0.8 A 260 /ml in 20 mM sodium succinate (NaSuc) or sodium phosphate (NaP) containing 100 mM NaCl and 100 µM Li 2 EDTA; the pH was varied from 4 to 10 in NaSuc (pK a = 5.63) and NaP (pK a = 7.21). 
Square-wave voltammetry (SWV)
SWV experiments were performed on an EG&G/Princeton Applied Research model 273A digital potentiostat equipped with a model 303A hanging mercury dropping electrode. Parameters used to acquire voltammograms were: Ar(g) prerun O 2 (g)-purge time, 120 s; current range, 1 µA; initial and final potentials, -0.15 to -1.9 V. All samples were prepared in 5 ml solutions containing 1 A 260 RNA/ml 10 mM NaSuc, 100 mM NaCl and 1 mM EDTA (pH 7); the pH was titrated to 3 in 0.2 pH unit increments. Teflon sample containers (EG&G/PARC) were used to minimize binding of reaction components, especially cations, which were found to adhere to pyrex sample containers.
RESULTS

H NMR
The synthetic HAV-35 oligoribonucleotide [r(U 3-4 C 2-3 ) 4 -UAU 2 C 3 U 3 ] is derived from the pyrimidine-rich pY1 tract that is located between nt 99 and 134 within the 5′-NTR of the HM175 strain of human HAV (Fig. 1) shown). Both RNAs migrated with considerably faster mobilities on native gels than on denaturing gels which did not change significantly when their concentrations were varied over a 100-fold range on native gels. From these results we concluded that both RNAs were folding to form intramolecular complexes that are more compact than the unfolded strands.
The 1 H NMR spectrum of HAV-35 at pH 7 was obtained at 10_C in 10 mM NaP, 0.1 mM EDTA, 90% H 2 O and 10% D 2 O (Fig. 3A) . A large broad peak centered at ∼11.2 p.p.m., most clearly visible in Figure 3C In an attempt to stabilize the apparent transient structure, the HAV-35 NMR sample was transferred back into 90% H 2 O/10% D 2 O, the NaCl concentration was adjusted to 100 mM and the pH was reduced to 6 ( Fig. 3B) , based on the premise that the elevated ionic strength would inhibit electrostatic repulsions between backbone phosphates, and that the lower pH would lead to cytosine protonation and formation of either C•C H + and/or U•C H + base pairs. Under these conditions, the peak at 11.2 p.p.m. narrowed and increased in intensity relative to the results obtained at pH 7 and lower ionic strength, suggesting that the molecule forms a condensed, hydrogen-bonded structure. Further changes in the spectrum occurred when the pH was reduced to 5 ( Fig. 3C) . The peak at 11.1 p.p.m. narrowed significantly, and three sharp peaks appeared between 6.9 and 7.3 p.p.m., indicating that the corresponding aromatic protons and connected bases had become incorporated into one of three discrete environments.
The effect of temperature on the spectrum of HAV-35 in 10 mM NaP (pH 5), 100 mM NaCl, 0.1 mM EDTA is shown in Figure 4 . The width of the putative U•U imino proton peak envelope at 11.2 p.p.m. increased markedly (and intensity decreased) at temperatures above 10_C, broadening into the baseline at 40_C. Peaks at 6.9-7.3 p.p.m., 7.7-7.8 p.p.m. and 11.2 p.p.m. also lost intensity at higher temperatures, with the three sharp peaks at 6.9-7.3 p.p.m. diminishing to one broad peak at 30_C. This effect was largely reversed upon cooling (Fig. 4, renatured) . The distinctive 6.9-7.3 p.p.m. triplet is not present at pH 6 and 7 under otherwise similar solution conditions and temperatures. While the origin of this peak is not understood, the corresponding structure is recovered substantially upon returning the temperature to 10_C.
The peak at 11 p.p.m. broadened into the baseline at 40_C. The 9.1 and 9.9 p.p.m. peaks shifted upfield with increased temperature, and a peak at 7.9 p.p.m. (not water exchangable) splits into two narrower peaks. This latter event was also reversed upon cooling to 10_C. Based on the loss of most of the low temperature spectral features, we infer that the HAV-35 structure denatures at ∼40_C.
The 1 H NMR spectrum of HAV-35 provided evidence for a minor amount of C•C H + base pair formation. Resonances of base paired C•C H + imino protons are typically found in the 15.1 p.p.m. range (12, 13, (19) (20) (21) (22) . A very minor resonance, much smaller than the peak at 11.1 p.p.m., was visible at 15.2 p.p.m. in the 10_C spectrum at pH 5 in 100 mM NaCl (Fig. 4) . From this, we conclude that stable C•C H + base pairs are not a predominant stabilizing interaction in the structure formed by HAV-35 at pH 7, but that some occurs at pH 5 at 10_C.
P NMR
The 31 P-spectrum of HAV-35 showed a peak envelope with some specific resolved structure in the -1.5 to -0.5 p.p.m. range (results not shown). This indicates that a range of specific phosphodiester backbone environments occur in the folded RNA structure, consistent with the presence of distinct secondary or tertiary structure interactions (23) . 31 (Fig. 1) . CD spectra were obtained at pH 4.2 and 7 in 20 mM NaSuc, 100 mM NaCl, 0.1 mM EDTA at 23_C (data not shown). This buffer was chosen because Leroy et al. (12, 13) were able to stabilize C•C H + base pair-stabilized i-motif complexes formed by d(C 4 T) and other oligodeoxyribonucleotides under these conditions. A single broad peak was observed at both neutral and acidic pH. At pH 4.2, the peak center was at 278 nm, while at pH 7, it was shifted to 275 nm. To assess the thermal stability of the apparent structure assumed by HAV-23, further spectra were obtained at 10_C intervals from 30 to 80_C. Linear and reversible reductions in the peak intensity at pH 4.2 and 7 were observed upon heating then slowly cooling the samples to 23_C (Fig. 6A) . These results indicate that the 5′-terminal 23 nt of HAV-35 are capable of forming reversible structure in the absence of the 3′-terminal 12 nt which contain the single purine base present in HAV-35.
Additional CD spectra of HAV-35 were acquired at 23_C over a pH range extending from 4.2 to 10 ( Fig. 6B and C) . Samples were studied at pH 4.2 through 7.4 in 20 mM NaSuc containing 100 mM NaCl and 0.1 mM EDTA (as with HAV-23, Fig. 6A ), and at pH 8, 9 and 10 in 20 mM NaP, 100 mM NaCl, 0.1 mM EDTA. HAV-35 spectra obtained at pH 7 and 8 in 0.1 mM EDTA showed virtually no decrease in ellipticity at 278 nm with increasing temperature (Figs 5A and 6B and C). These results indicate that the structure of HAV-35 was more stable than that of HAV-23 ( Fig. 6A) , indicating a contribution of the 3′-terminal 12 nt of HAV-35. The peak ellipticity shifted from 278 nm at pH 4.2 to 275 nm at pH 7, 7.4 and 275 nm at pH 8, and finally to 273 nm at pH 9 and 10. At pH 5, 9 and 10, monotonic reductions in ellipticity that were obtained upon heating samples were reversed by cooling to 23_C. At pH 4.2, HAV-35 showed an only partially reversible 32% decrease in peak intensity when heated from 23 to 80_C, then cooled to 23_C.
Ellipticities at 278 nm were determined as a function of pH for both HAV-23 and HAV-35. These values were divided by the A 260 to normalize the CD readings for concentration differences (Fig. 6C) . The results indicated that both molecules adopt a more chiral (ordered) structure at moderately acidic to neutral pH. This structure is destabilized at more acid or alkaline pH (below ∼pH 6.5 and above pH 8). Different behaviors at pHs 4.2, 5 and 6 are consistent with a change in mode of stabilization as the pH is decreased through this range (Fig. 6C) .
Significant decreases in the chirality of HAV-35 were observed at NaCl concentrations above 100 mM in 20 mM NaSuc (pH 7) and NaP (pH 8). Of the three NaCl concentrations examined at pH 7 (100, 250 and 500 mM), the structure formed by HAV-35 
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was most stable at elevated temperatures in 100 mM NaCl, where it exhibited almost no decrease in peak intensity. The ellipticity decreased more upon heating samples that contained salt concentrations above 100 mM and returned to the pre-melt value after slowly cooling the sample from 80 to 23_C (Fig. 5) . In contrast, CD spectra of HAV-23 in 20 mM NaSuc (pH 7 and 8), 100 mM NaCl returned to their initial intensities upon cooling samples to 23_C. These results confirm that HAV-35 forms a 
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structure which is significantly more stable than that formed by HAV-23.
SWV: evidence for limited C•C H + base pairing at acidic pH
SWV may provide useful insights into the electronic characteristics of nucleic acids (24) (25) (26) . Since changes in the electronic surface characteristics of RNA fragments may reflect the effects of folding events, we used this technique to further analyze the synthetic HAV-23 and HAV-35 oligoribonucleotides. SWV measurements were taken over a range of pH values in 5 ml samples containing buffered 100 mM NaCl, 1 mM EDTA and 1 A 260 U/ml of either HAV-23 (50 µM strands) or HAV-35 (30 µM strands). Samples were prepared in the same buffers that were used in the CD experiments, 20 mM NaSuc (from pH 3.4 to 7) and 20 mM NaP (from pH 7 to 9). Three well-defined SWV peaks were observed with E_′ values in the -0.15 to -1.9 V range (not shown). The integrated current increased linearly with RNA concentration under constant buffer and salt solution conditions. Observed SWV peak potentials (E peak ) and integrated peak currents (I peak ) changed similarly in pH titrations with HAV-23 and HAV-35. Figure 7A and C shows changes in E peak and I peak , obtained with HAV-23 at pHs ranging from 3.4 to 7.4. HAV-35 results obtained over a wider pH range are shown in Figure 7B and D.
The intermediate SWV peak (-1.42 V at pH 5) emerged most clearly at the pH usually attributed to cytidine protonation, ∼4.2. Since at least half of the Cs would be protonated at pH 4.2, this result suggests that the -1.42 V peak (at pH 5) (-1.39 at pH 5) is a marker for a C•C H + base pairing. Loss of the peaks in the 1.4-1.65 V range above pH 6 ( Fig. 7B and D) suggests that these interactions are destabilized and lost at neutral pH. These observations produce a conclusion similar to that suggested by the CD results, i.e. that the folded HAV-23 and HAV-35 structures are destabilized at >100 mM NaCl. This is the expected result if they are stabilized by relatively weak electrostatic interactions (i.e. U•U base pairing). It shows that the RNAs are mildly predisposed to intramolecular aggregate formation at physiological pH and ionic strength. This tendency would be encouraged by decreasing the ionic strength (i.e. by binding within a hydrophobic protein).
Palecek (24) obtained polarographic redox peaks in the -1.4 V range upon thermal denaturation of hemiprotonated poly[r(C)•(C H + )]. As a check for consistency, absorbance thermal denaturation data were obtained to correlate the electrochemical results with duplex denaturation. Two peaks were observed, one at about -1.4 V (called 'peak N') and one at about -1.2 V (called 'inflection P'). It was found that protonation of poly[r(C)] is supressed with increasing concentration of NaCl and that the height of inflection P decreased with increasing ionic strength. It was concluded that inflection P corresponds to reduction of cytosines and that peak N corresponds to reduction of unprotonated Cs. Analogous peaks were observed in the SWV profiles of HAV-23 ( Fig. 7A and C) and HAV-35 ( Fig. 7B and D) . This suggests that they can form structures in which C•C H + (or U•C H + ) base pairs contribute to stabilization at pHs below ∼6.5.
DISCUSSION
The 5′ non-translated RNA of HAV contains a considerable amount of secondary structure that has been mapped by covariant sequence analysis and by nuclease probing of synthetic RNA transcripts (1). However, the pY1 segment of the 5′-NTR is unique in that there is no complementary sequence within the 5′ non-translated RNA (or elsewhere within the genome) that is capable of extensive base pairing with this RNA segment. Despite this, previous studies with cobra venom ribonuclease V1 have indicated that the pY1 segment assumes a helically stacked or double-stranded structure (2) . The precise nature of this structure has been a mystery, as is its role in the virus life cycle. In an effort to define this structure, we have studied the solution structures of two oligoribonucleotides, HAV-23 and HAV-35, that represent 23 and 35 nt segments of this pyrimidine-rich tract, respectively. All three technical approaches taken, NMR, CD and SWV, offer a consistent picture of the structure assumed by synthetic oligoribonucleotides representing the pY1 domain of HAV. The results of these studies indicate that a titratable change in electronic character and extent of molecular order occurs as a function of pH and that the assumed structure is most stable at pH 6-7. Both the HAV-23 and HAV-35 oligoribonucleotides were more structured at neutral pH than at acidic or alkaline pH. Under these conditions, there should be ∼90% anionization of the RNA backbone due to phosphate deprotonation (pK a ∼6). The hysteretic melting behavior noted with HAV-35 suggests that the folded and unfolded forms of this molecule are separated by a significant transition-state free energy barrier. Since HAV-23 does not denature and renature in a similar fashion, the high transition-state barrier evident with HAV-35 is apparently the result of interactions between structures which require sequences from both HAV-23 (5′-U 4 C 3 U 3 C 3 U 4 C 3 U 3 -3′) and the 3′-terminal one-third of HAV-35 (-C 2 UAU 2 C 3 U 3 -3′).
NMR studies of HAV-35 suggested that U•U base pairs predominate in the folded molecule, and it is likely that such non-canonical base pairing contributes to the previously noted V1 cleavage activity in this region of the viral RNA. NMR also suggested the presence of C•U base pairing, and to a lesser extent C•C H + base pair formation. Although the latter does not appear to be a major stabilizing interaction at neutral pH, C•C H + base pair formation was somewhat increased at acidic pH (∼5). We used these data to construct several alternative models of the structure assumed by the pY1 domain (Figs 8 and 9 ).
One speculative model for the structure assumed by the pyrimidine-rich segment is shown in Figure 8 . The secondary structure motif (panel C) is reminiscent of the 'hammerhead RNA' formed by a number of self-cleaving plant viral RNAs (27) (28) (29) (30) . This hypothetical HAV 'pY1 hammerhead' is postulated to fold via U•U base pairs, with the hairpins formed by such interactions folding to a position perpendicular to the plane of the secondary structure as a result of stabilizing intraloop C•C H + interactions (Fig. 8D ). To our knowledge, no experimental precedent for such a model has been described; however, WC loop-loop base pairing ('kissing') interactions between two stem-loops are well known (e.g. 30). Our work indicates that pH values between 6 and 8 and ionic strengths around 0.1 induce optimal folding of the HAV-35 oligoribonucleotide. However, a set of alternative hydrogen bonding schemes is shown in Figure 9 . The present data cannot be used as a basis for distinguishing between these alternative structures.
The possibility must be considered that the pY1 domain has a function related to binding of a specific protein (e.g. polypyrimidine tract binding protein), and that this activity might be more dependent on primary rather than higher ordered structure of the RNA segment. On the other hand, protein binding could clearly alter the structure of the segment, a factor not considered in the experiments described herein.
RNAs generally do not form the i-motif under conditions in which sequence-equivalent DNAs can (31) . However, as deoxyribonucleotides are added to oligoribonucleotides, especially at certain specific positions, chimeric DNA-RNA strands adopt the i-motif more readily. Consistent with the findings of Collin and Gehring (31), we found no evidence that the HAV-23 or HAV-35 oligoribonucleotides formed structures containing the i-motif (e.g. intercalated C•C H + base pairs, characteristic interstrand sugar-sugar nuclear Overhauser effect 'contacts', or strand tetramerization). Nonetheless, it is important to note that evidence for C•C H + base pair formation in HAV-35 was increased at acidic pH (pH = 5). The C•C H + base pairs formed by HAV-23 and HAV-35 should be less stable than those in WC duplexes, triplexes, i-and e-motif complexes and quadruplexes (e.g. 12, [19] [20] [21] [32] [33] [34] [35] , because they are likely to be less constrained by hydrogen bonds and (unmethylated) pyrimidines are more hydrophilic than purines.
Cytidine N3 protonation and hemiprotonated C•C H + base pair formation (at 50% protonation of available Cs) is maximized at the pK a of the C H + ↔ C + H + association-dissociation reaction, a property which changes depending on the proton environment within the structure. The intrinsic pK a of cytosine can be raised from that of the nucleoside (∼4.2) to neutrality in C•C H + base pairs in triplex DNA (32) . If a cytosine in an RNA strand can capture a proton, base pairing can occur and the strand may become locked into the monocationic C•C H + base paired structure. As a result, the RNA is rendered less electronegative and one might obtain a structure in which the base pairs become cationic and strands become (nearly completely) uncharged due to phosphate protonation (Fig. 8) . The replication of picornaviral RNAs occurs in the cytoplasm of cells, in close association with membranous structures that are likely to be derived from the rough endoplasmic reticulum. Gouy-Chapman theory (36) predicts that pH would be reduced to ∼5 in the vicinity of phospholipid membranes, assuming a bulk pH of 7 and ionic strength of 0.1. Thus, the local pH surrounding the viral replication complex could well be at or below the pK a of the HAV-35 cytosine-protonation reaction. Thus, the C H + -mediated 'pY1 hammerhead' assembly process might reasonably occur in vivo.
Cytidines can participate in base pair interactions other than C•C H + and U•C H + . Gao et al. (33) described a curious structure, called the 'e-motif', in which cytosines that are separated by two C•G base pairs do not form fully developed base pairs as they stack within the minor groove of a distorted helix at pH values above 7.9. Another odd feature of the e-motif is that stacked extrahelical cytosines impose stress on the phosphodiester backbone, which rotates one cytosine out into solution at pHs below 7.8. Exchangeable 1 H NMR results obtained with the e-motif (34 and references therein) resemble our HAV-23 and HAV-35 data in one important respect: neither of the structures forms stable C•C H + base pairs upon folding at pH >7. In contrast, Ahmed et al. (22) and Leroy et al. (13) presented evidence for an i-form telomeric DNA structure stabilized by intercalated C•C H + base pairs. The mostly U•U-mediated structure formed by HAV RNA suggests that the virus might be preferred because it leaves the cytidines 'flipped out', perhaps for engagement in functional interactions.
It is important to note that there is considerable variation in the pY1 sequence among different HAV strains (2), indicating that rigid conservation of this domain is not essential for virus replication. Moreover, all of this sequence can be deleted from the viral RNA with no apparent effects on replication of the virus in cultured cells, and large deletions within it have no apparent effects of the ability of the virus to replicate in primates (2, 37) . Thus, while the genetic frugality that is generally evident among rapidly evolving RNA viruses such as HAV strongly suggests that Figure 8 . Possible intramolecular folding pathway of the pyrimidine-rich block sequence HAV-35 (A-C). Hypothetical U•U base-paired hairpin formation leads to the 'U hammerhead' structure (C). Cytosine protonation as shown occurs during the first reaction, but might occur instead or in addition during later steps. Postulated C•C H + base-pairing reactions lead to the more condensed 'doorknob' structure shown in (D). The C 3 and CU sequences at the base of the three stem-loops might also interact to form base pairs. The simplified inset shows the path of the backbone. Condensation draws the 5′ and 3′ ends of the IRES into closer juxtaposition, possibly to facilitate translational initiation or other viral functions such as encapsidation, integration into host chromatin, etc. (29, 39) . The three interloop hydrogen bonds between protonated and unprotonated Cs produce a triply-interconnected set of 'kissing' stem-loops (30) . This densely folded, cyclic, pseudoknot-like structure (40) somewhat resembles a β-barrel domain in proteins. The pY1 segment is, however, positioned immediately downstream of two pseudoknots that, by analogy with other picornaviruses, undoubtedly play a role in the initiation of plus-strand RNA synthesis during viral replication (3). Immediately downstream of the pY1 segment is a single-stranded domain within which deletions cause a temperature-sensitive defect in RNA replication (2, 4) . Thus, its location within the 5′ non-translated RNA suggests that its function is most likely related to replication of the viral RNA, rather than translation of the viral polyprotein. As indicated above, the results described in this communication suggest that the pyrimidine-rich segment between nt 99 and 133 adopts a novel condensed structure under certain conditions. One possibility is that the pY1 segment has a role in drawing together separated RNA domains which flank this region, thereby facilitating functionally required interdomain interactions. In considering this issue, it is important to note that some other picornaviruses (cardioviruses, aphthoviruses) have much longer pure poly(cytidine) segments similarly positioned within their 5′ non-translated RNAs. These poly(C) tracts can be deleted with little evidence of impairment in virus replication, but in some instances extreme attenuation of viral virulence. Although they are likely to have structures that are very distinct from that of the pY1 segment of HAV, it is reasonable to suppose that these viral RNA elements function similarly in the virus life cycle. 
